We have isolated a full-length mouse cDNA encoding a lysine-rich protein of 1,131 amino acids with a calculated molecular mass of 126 kDa. The protein binds in a sequence-unspecific manner to DNA, is localized exclusively in the nucleus, and contains a putative ATP binding site and a stretch of 80 amino acids with homology to the carboxy terminus of prokaryotic DNA ligases. On the basis of the following facts, we conclude that the isolated cDNA encodes the 140-kDa subunit of mouse replication factor C (mRFC140). (i) The sequence around the ATP binding site shows significant homology to three small subunits of human replication factor C. (ii) Polyclonal antibodies raised against the protein encoded by this cDNA cross-react with the 140-kDa subunit of purified human replication factor C (hRFC140) and recognize in mouse cell extracts an authentic protein with an apparent molecular mass of 130 kDa. (iii) Sequence comparison with a human cDNA isolated by using tryptic peptide sequence information from purified hRFC140 revealed 83% identity of the encoded proteins. The mRFC140 gene is ubiquitously expressed, and two mRNAs approximately 5.0 and 4.5 kb long have been detected. The gene was mapped by in situ hybridization to mouse chromosome 5, and its human homolog was mapped to chromosome 4 (pl3-pl4).
During the last several years, considerable progress has been made in the understanding of DNA replication in eukaryotes as a result of the development of cell-free in vitro replication systems, which allowed the identification and characterization of proteins involved in this fundamental process (see references 17, 21, 30, 46 , and 49 for reviews). Most researchers have used the simian virus 40 in vitro replication system (26) . It is ideally suited for studies of eukaryotic DNA replication, because all necessary factors except the virus-encoded large T antigen are supplied by the host cell. Fractionation of cellular extracts has allowed the identification of several cellular factors which are involved in simian virus 40 replication and which are also believed to be essential for the replication of cellular DNA (references 51 and 57 and references therein). Among these is an accessory protein called replication factor C (RFC), which is required for the elongation of primed templates by DNA polymerases 8 and s (24, 52, 58) . RFC (also called activator 1) is a multisubunit protein complex which has been purified from human cells (24, 52) , calf thymus (40) , and the yeast Saccharomyces cerevisiae (12, 58) . Purified RFC preparations from HeLa cells contain five discrete subunits with apparent molecular masses of 145, 40, 38, 37, and 36.5 kDa (24) . The complex has an intrinsic DNA-dependent ATPase activity, which can be further stimulated by proliferating cell nuclear antigen and replication protein A (24, 53) . RFC binds specifically to the primer-template junction (24, 53, 54) , and this structure-specific DNA binding activity has been localized by UV cross-linking studies to the 140-kDa subunit of RFC (54) , though a weaker DNA binding activity has been reported to be present in the 37-kDa subunit (39) . ATP is bound by the 40-kDa subunit (54) . RFC corresponds functionally to the Escherichia coli polymerase III -y complex and the phage T4 genes 44 and 62, which encode accessory proteins required for the formation of the DNA polymerase holoenzyme (6, 53) . When the protein sequence of the 40-kDa subunit of RFC became available, a significant sequence homology to the T4 gp44 protein could be demonstrated (6) . The homology with the T and y subunits of E. coli polymerase III was weaker (37) . So far, only cDNAs encoding the four small subunits of human RFC (hRFC36, hRFC37, hRFC38, and hRFC40 [6, 7, 37] ) have been described.
In this report, we describe the fortuitous isolation of a cDNA clone encoding the 140-kDa subunit of mouse RFC (mRFC140) while screening a Xgtl I expression library with an oligonucleotide representing a liver cell-specific element of the cyclic AMP-inducible enhancer of the tyrosine aminotransferase gene (3) . The identity of the isolated clone was established by the following criteria: (i) local sequence homology to three small subunits of human RFC; (ii) cross-reactivity of antibodies raised against the protein encoded by this cDNA with the 140-kDa subunit of purified hRFC140; and (iii) overall sequence homology to a cDNA clone encoding hRFC140. A full-length cDNA clone from mice and partial cDNA and genomic clones from humans were isolated, and the sequences were determined. The expression pattern of the mRFC140 gene was analyzed by Northern (RNA) blot and RNase protection experiments. Part of the mouse protein was expressed in E. coli and used to raise antibodies, which were used in Western blot (immunoblot) and indirect immunofluorescence experiments. Furthermore, the chromosomal localizations of the mouse and human RFC140 genes were determined.
MATERIALS AND METHODS
Construction of cDNA expression libraries. Five micrograms of mouse liver poly(A)+ RNA primed with 0.74 pg of p(dN)6 was converted to double-stranded cDNA by using the You-Prime cDNA synthesis kit (Pharmacia). The cDNA was size fractionated on a 1% agarose gel, isolated by isotachophoresis (33) , and ligated into Xgt1l (18) . In vitro packaging reactions were performed with Gigapack II Gold (Stratagene). A second mouse liver cDNA expression library was prepared by the method of Gubler and Hoffman (14) . Seven micrograms of poly(A)+ RNA was reverse transcribed into first-strand cDNA, using 7 cDNA clones, a 32P-labeled RNA probe was generated from pmTCTTT14 as described previously (34) and used to rescreen the two cDNA libraries described above. Hybridization and washing conditions were as described by Church (15) . Human RFC protein was purified from 293 cells essentially as described previously (52) . Proteins were separated on either 6 or 15% polyacrylamide-sodium dodecyl sulfate (SDS) gels and transferred to nitrocellulose filters (BA85; Schleicher & Schull), using a semidry blotting apparatus (42) . Blocking of filters, incubation with primary and secondary antibodies, and washing steps were performed essentially as described previously (15) . For West-VOL. 14, 1994 ern blots with mouse whole cell extracts, rabbit preimmune or anti-mRFC140 immune serum was diluted 1:3,000 and the anti-rabbit immunoglobulin G (IgG) alkaline phosphatase conjugate (Promega) was diluted 1:7,500. Filter strips with purified human RFC protein were incubated either with rabbit preimmune or anti-mRFC140 immune serum (diluted 1:2,000) or the monoclonal antibody RFC6 raised against hRFC140 (1 ml of hybridoma supernatant). Detection of immune complexes via enhanced chemiluminescence using species-specific secondary antibodies conjugated with horseradish peroxidase was performed as instructed by the supplier (Amersham).
Indirect immunofluorescence was performed essentially as described previously (15) polymerase promoter and allows the construction of fusion proteins with a polyhistidine stretch at the amino terminus. These features guarantee high-level expression in suitable E. coli strains (47) and a simple one-step purification of the recombinant protein (16) . In situ hybridization. DNA probes were labeled by nick translation using biotin-or digoxigenin-modified nucleotides (27) . Mouse metaphase spreads were prepared from the spleen of a female BALB/c animal, and human chromosomes were prepared from peripheral blood lymphocytes, using standard procedures of cell stimulation, mitotic arrest, hypotonic treatment, and methanol-acetic acid fixation. In situ hybridization was carried out as described in detail elsewhere (28) . Hybridized probe was detected via fluorescein isothiocyanate (FITC) or rhodamine, and chromosomes were banded by 4;6-diamidino-2-phenylindole (DAPI). Digitized images were taken separately for DAPI, FITC, and rhodamine by using a cooled charge-coupled device (CCD) camera. To assess the chromosomal localization of the hybridized probe, images were carefully realigned and DAPI images were overlaid electronically with the FITC or rhodamine images.
Nucleotide sequence accession number. The sequence reported in this publication has been submitted to the EMBL nucleotide sequence data base (accession number X72711
[MMREPCFC]).
RESULTS
Isolation ofmRFC140 cDNA clones. Two mouse liver cDNA expression libraries primed either by random hexamers or oligo(dT) were screened with a 32P-labeled DNA fragment by the method of Vinson et al. (55) . The DNA fragment used for screening contained five copies of a liver cell-specific element, which was derived from the enhancer located 3.6 kb upstream from the transcription start site in the rat tyrosine aminotransferase gene (3) . This sequence has been identified in the meantime as an HNF4 binding site (36 ( Fig. 1A) . With the exception of pmTCTIT11 and -12, all clones were isolated from the random-primed cDNA library.
Nucleotide sequence of mRFC140 cDNA. All cDNA inserts were subcloned into plasmid vectors, and the complete nucleotide sequence of pmTCT`T14 was determined. Since this clone did not represent a full-length cDNA (Fig. 1A) , suitable portions from pmTCT1'T2 and pmTC'l-TT11 were also sequenced. Altogether, the cDNA clones span 4,679 bp. The nucleotide and deduced amino acid sequences are shown in Fig. 1B . The first ATG codon at position 3, which is followed by a stop codon at position 21, is located too close to the 5' end of the mRNA to be recognized by the ribosome (22) . Furthermore, this ATG is present only in pmTCTT'T2. cDNA clones pmTC'IT1 and pmTCTYF5 start at positions 4 and 25, respectively. The second ATG at position 80, which is not preceded by an in-frame stop codon, starts an open reading frame of 3,393 bp and is flanked by sequences that fit well to the optimal translation start signal (22) . The 3' untranslated region stretches 1,204 bp and contains two AATAAA polyadenylation signals (positions 3916 and 4662). A full-length cDNA clone designated pmTCCITrV was constructed by combining 5' sequences from pmTCTIT2 with 3' sequences from pmTCT`fT11 (Fig. !A) . A computer search of the EMBL and GenBank data bases with the full-length cDNA sequence revealed significant homology to a 4.5-kb-long human cDNA encoding a novel DNA-binding protein of unknown function (31) . A protein sequence comparison revealed that this cDNA encodes the human homolog of the large subunit of mouse RFC (5 (Fig. 1B) . Because of its high content of basic amino acids (13.4% lysine, 4.6% arginine, and 1.9% histidine), the protein has a calculated isoelectric point of 10.13. The protein lacks known DNA binding motifs such as zinc fingers or a leucine zipper (see reference 38 for a review), but it contains two sequences which fulfill the criteria for a bipartite nuclear localization signal (41) (Fig. 1C) . The presence of more than 70 putative phosphorylation sites for protein kinase A, protein kinase C, casein kinase II, and tyrosine kinases suggests that mRFC140 is a phosphoprotein. A computer search of the EMBL and GenBank data bases with the entire amino acid sequence revealed an interesting local homology with the carboxy terminus of all three prokaryotic DNA ligases present in the data bases (Fig. 2) . The mRFC140 protein was most similar to the DNA ligase from Thermus thermophilus (23) . The two proteins displayed over a stretch of 80 amino acids 50% identity and 66% similarity. A putative ATP binding site (43) was found around amino acid 640. This site as well as flanking sequences showed a remarkable homology to the putative ATP binding sites present in hRFC40, hRFC37, and hRFC36 (Fig. 3) . The homology between these small subunits of RFC and our protein led to the assumption that our initially unknown DNA-binding protein might represent the large subunit of mouse RFC. This hypothesis was further supported by Western blot experiments described in detail below. The final proof for the identity of the isolated mouse cDNA clone came from a sequence comparison with the large subunit of human RFC. It revealed a high overall homology (83.2% identity and 89.5% similarity) between the two proteins (see Fig. 2 in reference 5 ). This result was further confirmed by a zooblot analysis (data not shown). An mRFC140 cDNA probe cross-hybridized under low-stringency conditions strongly with human, rat, cow, chicken, and Xenopus DNAs and weakly with Drosophila, Hydra, and Dictyostelium DNAs. cDNA clones encoding hRFC140 have been isolated very recently by using tryptic peptide sequence information derived from the purified protein (5) . During the preparation of this report, a new nucleotide sequence from Drosophila DNA appeared in the EMBL data base (accession number L17340). The encoded protein displays 44% overall identity and 61% similarity to mRFC140. Although the sequence was submitted as that of a germ line transcription factor, we think that this gene most likely represents the Drosophila homolog of the largest subunit of RFC. mRFC140 is ubiquitously expressed. To determine the size of the mRNA for mRFC140, Northern blots were performed with poly(A)+ RNA. Filters were hybridized with a radiolabeled antisense RNA, and a typical autoradiogram is shown in Fig. 4A . Two transcripts with estimated lengths of 5.0 and 4.5 kb are detected. The longer one is at least three times more abundant than the shorter one. The same two transcripts have also been found in RNA isolated from brain, testis, and embryonic stem cells (data not shown). At the moment, it is unclear whether the two mRNAs arise by alternative splicing, alternative promoter usage, or alternative polyadenylation site usage (4) . RNase protection experiments with total RNA from various mouse tissues revealed that mRFC140 is expressed ubiquitously (Fig. 4B) . Expression was highest in strongly proliferative tissues like thymus, spleen, and testis. Contrary to Purified human RFC protein was separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose. Lanes were incubated either with rabbit preimmune serum (lane P), anti-mRFC140 immune serum (lane I), or a monoclonal antibody raised against hRFC140 (lane M). Immune complexes were detected by enhanced chemiluminescence using species-specific secondary antibodies coupled to horseradish peroxidase. Lanes P and I were exposed for 3 min; lane M was exposed for 30 s.
this supposition, a relatively high level of expression was found in brain, whereas in intestine it was hardly detectable. mRFC140 is a nuclear protein. To obtain protein for the immunization of rabbits, a cDNA fragment encoding 753 A amino acids from the carboxy terminus of mRFC140 was cloned into the vector pRSET and expressed in E. coli. The protein was purified and injected into rabbits to raise polyclonal antibodies against mRFC140. These antibodies were subsequently used in Western blots to determine the size of the mRFC140 protein. The anti-mRFC140 antibodies recognize specifically in mouse whole cell extracts a protein with an apparent molecular mass of 130 kDa, as predicted from the cDNA (Fig. 5A) . Interestingly, two closely spaced bands are visible on Western blots, which could well represent the same protein with differences in posttranslational modification (e.g., phosphorylation). To obtain additional evidence that the isolated mouse cDNA clone encodes the large subunit of RFC, Western blotting was performed with purified human RFC protein and anti-mRFC140 antibodies. As shown in Fig. 5B , the polyclonal antibodies raised against the mouse protein cross-react specifically with the large subunit of purified human RFC. To determine the intracellular localization of the mRFC140 protein, indirect immunofluorescence experiments using mouse B16 melanoma cells and affinity-purified antibodies were performed. As can be seen in Fig. 6 , the mRFC140 protein is localized exclusively in the nucleus. The nuclear staining is in most cases diffuse and excludes the nucleoli. However, an association of the protein with discrete replication foci during certain phases of the cell cycle is not ruled out by these experiments (25) .
Chromosomal localizations of the mouse and human RFC140 genes. The full-length mRFC140 cDNA was used as a probe for fluorescence in situ hybridization to mouse metaphase chromosome spreads. Hybridized probe was detected via FITC or rhodamine, and chromosomes were banded by DAPI (Fig. 7D to G To examine whether RFC140 gene mutations might play a role in any human genetic disease, we isolated sequences of the human gene to be used as probe for the chromosomal localization. A human liver cDNA library was screened by using the mouse cDNA as a probe, and four independent partial cDNAs for hRFC140 (termed phTCT'T15, -21, -24, and -25) were isolated. Two of these (phTCT11T24 and -25) were used to screen a human genomic library, and three independent recombinant phage clones were isolated. The identity of one of the genomic clones, termed AhgTC'1TT6-3, was confirmed by sequence analysis showing that the region with DNA ligase homology is interrupted by an intron. Using XhgTCT'1'16-3 as the probe, the human RFC140 gene could be mapped to the chromosome region 4pl3-pl4. From the 30 metaphases analyzed, 22 (approximately 70%) exhibited signals on both homologs of chromosome 4pl3-pl4 (Fig. 7A) , whereas in 8 metaphases, only one homolog was labeled. Of the 52 specific hybridization signals on chromosome 4, 35 appeared as doublets ( Fig. 7B and C) . No additional signals were found at other chromosomal regions, and therefore the chromosomal location could be unambiguously assigned. So far, no clinical disorder for which RFC140 could play an apparent role has been localized to this region of chromosome 4. Since the human chromosome region 4pl3-pl4 is syntenic to mouse chromosome 5, our results add another example for the establishment of this syntenic group.
DISCUSSION
We have fortuitously cloned a cDNA for the large subunit of mouse RFC by virtue of its unspecific DNA binding activity. The fusion protein expressed by the original recombinant phage bound to five completely different pairs of oligonucleotides, which were used to test the sequence specificity of binding. Furthermore, various nonoverlapping parts of the protein were able to bind independently to DNA (data not shown). Since we could not detect any known DNA binding motif, mRFC140 protein may bind to DNA simply by its positive net charge at physiological pH, which is caused by the high content of basic amino acids more or less evenly dispersed throughout the molecule. Since the probes used for screening and analysis of DNA binding specificity always contained 4-nt-long overhanging 5' ends, the protein could bind either to double-stranded DNA or to the partial single-stranded ends of the probe molecule. This second possibility is quite likely because purified RFC binds specifically to DNA of a primertemplate junction containing a recessed 3' end (24, 54) . Previous experiments have indicated that the DNA binding activity of RFC might reside in the 140-kDa subunit (54), a notion corroborated by the results presented in this report.
The DNA-dependent ATPase activity was originally assigned to the 40-kDa subunit (54) , and the cDNA for hRFC40 does indeed encode an ATP binding motif (6) . By using E. coli-expressed hRFC40 protein, ATP binding but no ATPase activity was detected. Recently, cDNAs for the other RFC subunits have been reported (5, 7, 37; this report). A comparison of the protein sequences of all five RFC subunits leads to the unexpected result that all subunits except hRFC38 contain very similar ATP binding motifs (Fig. 3) . Further experiments are required to determine whether each of these four subunits can bind ATP and whether all of them show ATPase activity. Interestingly, the B motif of the ATP binding site found in these RFC subunits is extended to a DEAD box, which seems to be typical for a family of putative DNA and RNA helicases (13) . Therefore, it might be worthwhile to test RFC140 for DNA or RNA helicase activity.
Another unexpected result was the striking homology between a region in the middle of the mRFC140 protein and the carboxy terminus of the three prokaryotic DNA The isolation of cDNA clones encoding the large subunit of RFC represents an important step toward a better understanding of the role of the RFC complex during DNA replication in eukaryotes. cDNA clones for all five subunits are now available and will considerably facilitate detailed studies on the role of each RFC subunit and the interplay between them.
